Abstract
The trivalent cerium metallocene, (Me3CCsH4)3Ce, reacts with alcohols, HOR (R = CHMe2 or Ph), or thiols, HSR (R = CHMe2, or Ph), to give the dimers (Me3CCsl4)4Ce2 (~-ER)2 as shown by X-ray crystallography for the isopropoxide and isopropylthiolate derivatives.
Crystals of (Me3CCsH4)4Ce2 ~-OCHMe2h are monoclinic, P2t/c with a= 11.962(4) A, b = 14.489(5) A, c = 12.384 (5) A, J3 = 103.31(3) 0 , and V = 2089 A3; the structure was refined by full-matrix least squares to a conventional R-factor of 0.028, 2874 data, F2 > 2a(F2). The Ce2~ unit is planar and the geometry about the cerium atom is pseudotetrahedral and the geometry is planar about the oxygen atom. Crystals of (Me3CCsH4)4Ce2 (~-SCHMe2h are also monoclinic, P2t/n with a= 14.255 (9) A, b = 13.585 (9) A, c = 11.265(7) A, J3 = 96.02 (5) 0 , v =2170 A3; the structure was refmed by full-matrix least squares to a conventional R-factor of 0.028, 2899 data, F2 > 2a(F2). The Ce2S2 unit is planar and the geometry about cerium is pseudotetrahedral though the geometry is pyramidal at sulfur so that the isopropyl groups are anti relative to the Ce2S2 ring.
Methanol or water give an insoluble solid, presumably Ce(0Me)3 or Ce(OH)3, whereas HECMe3 (E = 0 or S) do not react with (Me3CCsl4)3Ce but the thiol does react with the sterically less bulky metallocene, (MeCsf4)3Ce (thf) to give (MeCsl4)4Ce2 (~-SCMe3)2. The pKa's <H20} of the organic acids generally predict the thermcxlynamic outcome of the proton exchange reactions though the latter set of experiments show that kinetic (i.e., steric) factors play a role. The uranium metallocene, (Me3CCsH4)3U, reacts with HSPh at low temperature to give isolable It is apparent that there is no generally applicable synthetic route to cyclopentadienyl lanthanide alkoxides or thiolates. Since the equilibrium acidity of many alcohols and thiols in Water7a is leSS than that Of cyclopentadiene (pKa in Water iS 167C and in dimethylsulfoxide, dmSO, is 18 7b), the reaction of binary metallocenes of the lanthanide metals should provide a general synthetic route to this class of compound. Indeed, this type of reaction has been used to prepare cyclopentadienyl halides, alkynyls, and acetylacetonate derivatives from the metallocenes and ammonium halides, acetylenes, and acetylacetone, respectively, though no alkoxides nor thiolates have been prepared by this route. 8 It is difficult to use solution equilibrium acidity scales with absolute confidence since these scales depend upon the extent of hydrogen bonding and ion-pairing in solvents such as water 7a or dmso, 7b particularly since the reactions of interest in this paper are done in hydrocarbon solvents. The acidity scale in water predicts the course of the reactions in the 4 experiments described in this paper more satisfactorily than those in dmso. This is illustrated by the observation that the pKa of MeOH in water is 15.5 and in dmso it is 29 and methanol does indeed react with the metallocenes discussed in this paper. The main reason for the large difference in acidity in these two solvents is that hydrogen bonding interactions in water between small, highly charged anions such as methoxide does not change much with change in size of the anion though the negative charge-dipole interaction substantially changes in solvents with high dielectric constants such as dmso. Since the cyclopentadienide anion is charge delocalized, the difference in solvation energies between it and, say, methoxide anion will vary enormously in solvents with high dielectric constants, such as dmso, whereas the hydrogen-bonding interactions in this pair of < anions will not vary as much. This qualitative rationalization is consistent with the experimental results described in this paper and helps to understand the reasons for the greater utility of the acidity scale in water rather than that in dmso.
In this paper we describe the synthesis of several (RCsfi4)4Ce2 (J.L-ERh derivatives, prepared from reaction of (RCs~)3Ce and alcohols and thiols, and the extension of this synthetic method to the trivalent uranium metallocenes, which gives the tetravalent compounds (RCs~)3UER as the fmal product
Synthetic Studies
Addition of one molar equivalent of isopropanol [pKa(H20) = 17 .1] to (Me3CCs~)3Ce in hexane results in a series of color changes that go from purple to brown to green to yellow followed by precipitation of a yellow solid Yellow crystals of (Me3CC5R4)4Ce2 (J.L-OCHMe2)2 may be isolated in good yield by crystallization of the yellow solid from toluene. Experimental details for the synthesis and characterization of this compound and all of the compounds described in this manuscript are in the Experimental Section and lH NMR spectroscopic data are shown in (Me3CCsl4)3Ce though it does react with (MeCsl4)3Ce(thf) to give (MeCsf4)2Ce SCMe3, which we assume is a dimer with bridging thiolate groups.
The observation that neither Me3COH nor Me3CSH react with (Me3CCsl4)3Ce, though the thiol reacts with the sterically less congested metallocene (MeCsl4)3Ce(thf), seems to suggest that equilibrium acidities are not always a reliable measure of the extent of reaction and that kinetic factors play a role. This statement is deliberately vague since we do not know the pKa of either Me3CCsHs or MeCsHs though both will be poorer acids than Cslf6, nor do we know the mechanism of the proton transfer reaction. Relative to mechanism, it has been shown that CJ>2Ni reacts with RSH in an associative, rate determining step followed by a fast proton transfer step.9
If we assume a similar mechanism in the cerium compounds, then steric effects in the transition state of an associative substitution mechanism will be important and the lack of reaction of Me3CSH can be understood as a kinetic effect.
In The other features in the spectrum may be assigned by assuming that it is a 1: 1 :2 mixture of the components shown in eq. 3. The area ratio
of the resonances due to the three species does not change with temperature and the resonances do not coalesce though the chemical shifts do change as expected for a paramagnetic compound. The lH NMR experiment shows that the thiolates do exchange bridging ligands in solution and that · once chemical equilibrium is reached, the rate of chemical exchange is either fast or slow on the NMR timescale. The 1 H NMR data do not allow us to distinguish between a mechanism that involves dissociation of the dimers into two monomers then recombination or partial bridge opening followed by exchange then recombination.
The trivalent uranium metallocene (MeCsl4)3U(thf) behaves different than the cerium metallocenes with alcohols and thiols. In the uranium case, the net result is oxidation of uranium as shown in eq. 3, where ER is OMe, OCHMe2,
• OPh, or SCHMe2. The red (Me3CCsl-4)3USPh derivative was prepared similarly. Experimental details are in the Experimental Section and lH NMR data are in Table I . Derivatives of the type Cp3UER, where E is oxygen or sulfur, have been prepared previously by metathetical exchange reactions so this class of compound is not new though the synthetic reaction in eq. 3 is new .1 0
The different type of reaction shown by cerium and uranium metallocenes towards alcohols and thiols most likely reflects the case of oxidizing uranium, the U(IV)/U(III) couple is -0.63 V in aqueous acid whereas the Ce(N)/Ce(III) couple is + 1. 7 4 V .11 Oxidation of trivalent uranium metallocenes to tetravalent compounds has been observed previously; this electron transfer reaction is emerging as a general pattern whenever the resulting tetravalent metallocene is kinetically accessible.12
It is noteworthy that the isolated yield of the tetravalent uranium compounds never exceeds 
a proton transfer reaction analogous to that found in the cerium metallocenes described above and eqs. 5 and 6 show two types of valence disproportionation reactions which would account for the low yield of product; the fate of "(RCsl-4hU" is unknown. An additional reaction, shown in eq.
7 is
not likely since we do not detect hydrogen evolution in the synthetic reaction and the yield of this hypothetical reaction will be higher than that found in the actual reaction.
In order to test these two sets of reactions, viz., the valence disproportionation reactions shown in eqs. 4, 5, 6 or the oxidation by hydrogen reduction reaction in eq. 7, we have done the following experiment Addition of one molar equivalent of benzenethiol to (Me3CCsl-4)3U in hexane at -25°C results in a color change from green to red and precipitation of a green solid from the red mother liquor. the narrow linewidths are consistent with tetravalent uranium.l2a We interpret the NMR experiment in the following way: the initially formed green compound (Me3CCsl4)2USPh which is a dimer, prepared by proton transfer according to eq. 4, undergoes a ligand and valence redistribution reaction, either as illustrated in eq. 5 or 6 to give the red isolated product, (Me3CCsl4)3USPh, and a sub-valent uranium species which decomposes. Hence, the difference in behavior shown by trivalent uranium and cerium metallocenes with protic acids whose pKa's are similar to or less than that of CsH6 is due to the M(IV)/M(lll) redox couple being more favorable for uranium than cerium in these metallocenes. .
Structural Studies
An ORTEP diagram of (Me3CCsl4)4Ce2 (J.L-OCHMe2h is shown in Figure I and of (Me3CCsl4)4Ce2 (J.L-SCHMe2h in Figure II . Positional parameters are in Tables II and III and crystal data are in Table IV . Both compounds are centrosymmetric; the isopropoxide crystallizes in space group P2t/c and the isopropylthiolate in space group P2t/n. The Ce202 and Ce2S2 units are planar and the geometry at cerium in both compounds may be described as pseudotetrahedral. The geometry at oxygen in the isopropoxide is planar; since the two independent Ce-0-C(19) angles are not equal, the geometry at oxygen is not trigonal planar. Planar geometry at oxygen is inevitably observed in bridging alkoxide compounds.13 On the other hand, the geometry at sulfur in the isopropylthiolate is pyramidal, since the angles about sulfur sum to 348°, and the isopropyl groups are in an anti-configuration relative to the Ce2S2 ring. This is also the usual geometry found in compounds in which the thiolate group bridges two metal centers. 5,4a
The two independent Ce-O distances in the isopropoxide are equal, the averaged distance being 2.371 ± 0.001 A. The two Ce-S distances in the isopropylthiolate are, however, not equal, the individual distances are 2.870(2) A and 2.894(2) A, with the average being 2.882 ± 0.006 A.
It is difficult to find examples in the literature of two equivalent molecules that differ only in the identity of the bridging atom. In the gas phase structures ofMe4Al2 (~-OCMe3)214a and Me4Al2
(~-SMe)2,14b the Al-S distance is 0.51 A longer than the Al-0 distance; exactly the difference found in the cerium molecules described in this paper. The longer Ce-S distance, relative to Ce-O, is responsible for the slight distortions of the coordination geometry that is apparent upon detailed comparison of the two compounds, see Figures I and II.
Experimental Section
All of the compounds were handled as previously described using techniques and instruments previously described.15
CMeJ.CC.2fi1l4Ce2 CLL-0CHMez)2· To (Me3CCsf4)3Cel6 (1.78g, 2.96 mmol) dissolved in hexane (30 mL) was added, via syringe, isopropanol (0.23 mL, 3.0 mmol). The solution color gradually turned from purple to brown to green and finally to yellow, and a yellow precipitate was observed The suspension was stirred for 6 h, then the solvent was removed under reduced pressure. The yellow solid was dissolved in toluene (50 mL), filtered, and the filtrate was concentrated to g. 30 mL. Cooling the extract to -20°C for 3 hours, followed by cooling to -80°C R: 1300w, 1232w, 1205w, 1168w, 1142s, 1060w, 1040w, 1028m, 970w, 928m, 850w, 820s, 765s, 618m, 588m, 390m, 325m, 250s, 220w 1300w, 1258s, 1158m, 1150w, 1065w, 1049y.', 1029w, 1018w, 995w, 973w, 931 w, 884w, 861s, 845w, 838w, 812w, 775m, 762s, 720m, 690m, 600m, 520w, 442w, 337w , 238w cm-1.
The E.I. mass spectrum showed a molecular ion at M/e = 569 amu.
CMeC,5,H4)3USCHM~. The thiolate was prepared from (MeCsf4)3U (thf) and isopropylthiol in a manner similar to that used to prepare the methoxide, above, and crystallized as golden-brown flakes from hexane (-20°C) in 27% yield, m.p. 121-123°C. An.al Calcd. for C21H2sSU: C, 45.8; H, 5.13; S, 5.82. Found: C, 44.8; H, 5.13; S, 5.31. IR: 1305w, 1260w, 1235w, 1142m, 1070w, 1045w, 1032m, 972w, 928w, 890w, 863m, 851m, 847m, 795m, 775s, 720s, 624m, 605m, 570w, 440mw, 363mw, 341m, 331m, 242m cm·l. The E.I. mass spectrum showed a molecular ion at M/e = 550 amu. : 1575m, 1300w, 1272m, 1198w, 1168w, 1155ms, 1070mw, 1052w, 1040w, 1021m, 970m, 838m, 798m, 788m, 772ms, 765s, 739s, 720m, 698m, 678mw, 61lm, 482w, 418w, 238mw cm·l. The E.I. mass spectrum showed a weuk parent ion at M/e = 710 amu.
CMe~CC~).4U2, (lJ.-SPhh. To (Me3CCsl4)3U (1.07g, 1.78 mmol) dissolved in hexane (15 mL) and cooled to -25°C was added, .Yia syringe thiophenol (0.18 mL, 1.8 mmol). The solution color turned from green to red upon addition. After ka.. 2 min a green precipitate began forming. The suspension was stirred for an additional 15 min, then the precipitate was allowed to settle. The hexane was removed by filtration and the remaining green microcrystalline solid was washed with hexane (2x10 mL, -25°C). The solid was extracted with toluene (45 mL, -30°C). This caused the solution color to become red. The solution was filtered, and the filtrate was concentrated to ka.. IR: 1570m, 1405w, 1300w, 1272m, 1200w, 1186w, 1165w, 1150m, 1118w, 1075m, 1062w, 1038m, 1018m, 970w, 912mw, 845w, 821m, 812w, 772m, 763s, 757mw, 740s, 718mw, 690s, 672m, 481mw, 453w, 424w, 239mw ~.3.m&1Jll. t-Butyllithium (0.52 mL of a 2.5 M pentane solution, 1.3 mmol) was added to (Me3CCsl4)3UCl17 (0.85g, 1.3 mmol) in tetrahydrofuran at -70°C. An immediate color change from brown to red was observed. The solution was allowed to wann to room temperature and the green solution was stirred at that temperature for 1 h. The volatile material was. removed under reduced pressure and the green residue was extracted with hexane (10 mL). The extract was filtered, the volume of the filtrate was decreased to k.il-5 mL; cooling to :-80°C afforded dark green crystals in 90% (0.72g) yield, m.p. 80-81 °C. 1R: 3080w, 1274s, 1258m, 1198m, 1187w, 1150s, 1040s, 1015m, 901m, 802s, 750vs, 695w, 665m , 455m cm-1. The E.l. mass spectrum contained a molecular ion at 601 amu, though satisfactory elemental analysis could not be obtained. reflections; the intensities decayed 2% for (I) and 6% for (II) and were corrected accordingly. The data were corrected for Lorentz and polarization effects and absorption (analytical method); 18 the absorption corrections ranged from 1.23 to 1.36 for (I) and from 1.34 to 1.50 for (II).
Cerium positions were located with the use of three dimensional Patterson maps; subsequent least-squares refinements and electron density maps revealed the location of the other atoms. The structure was refmed by full-matrix least-squares using anisotropic thermal parameters on the non-hydrogen atoms, with the exception of the disordered C19 in (II). The estimated positional parameters of the hydrogen atoms on the cyclopentadienyl rings and the hydrogen atom on C19 of <n were included with isotropic thermal parameters, but were not allowed to vary. The central isopropoxide carbon atom, C19 of <m. refined with anisotropic thermal parameters to a ~· long ellipsoidal shaped atom which strongly suggested disorder; this atom was assumed to be _ disordered and refined as two isotropic half-atoms. Scattering factors19 were adjusted for anomalous dispersion. The positional parameters in Tables IT and ill and crystal data are in Table- IV. The observed spectra show that A=A', B=B', and X=X' in the AA'BB'X3 or AA'BB'X9 spin systems of these complexes. All spectra were recorded in C606 and referenced relative to tetramethylsilane 8=0 at 30°C with positive values being to high frequency. The A protons are arbitrarily assigned to those farthest downfield. Relative intensities and linewidths at half peak height are given in parentheses.
20 hld limits h- 16,16;k0,16;1-13,13 h-14,14;k0, 17;1-14,14 In the least squares, the assigned weights to the data, w = 1.0/[crF]2, were derived from cr(F2) = [S2 + (pf'2)2], where S2 is the variance due to counting statistics and pis assigned a value that adjusts the weighted residuals of the strong reflections to be comparable to the weak ones.
9 Simple extinction correction has the form (Fobs)corr = (1 +ki)Fobs, where I is the uncorrected intensity and Fobs is the observed scattering amplitude. 
